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Abstract 
  High temperature CO2 separation is effective for the efficient CO2 reduction. Li4SiO4 is one of the high 
temperature CO2 adsorbents. In this study, a Li4SiO4 thin membrane was developed by using a novel solid 
state conversion method. Li4SiO4 membranes were successfully prepared on a porous alumina substrate at 
600 °C conversion from mesoporous silica as silica source. Mesoporous silica was better silica source to 
obtain Li4SiO4 at the low temperature conversion method compared with MFI zeolite, fumed silica and 
colloidal silica. CO2/N2 permselectivity was 0.85 at 600 °C that is higher than the Knudsen diffusion 
difference. Thus, Li4SiO4 layer showed CO2 permselectivity at 600 °C. It was important to use the 
mixtures of Li2CO3 and K2CO3 to fill the pinholes of the Li4SiO4 membrane. N2 permeance through the 
Li4SiO4 membrane decreased to 1.8 x 10-9 mol m-2 s-1 Pa-1 from 3.9 x 10-7 mol m-2 s-1 Pa-1 by the addition 
of the mixtures of Li2CO3 and K2CO3. 
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1. Introduction 
Recently, reduction of CO2 emission has been paid attention to prevent global warming. High 
temperature CO2 separation is important for efficient energy utilization. Li4SiO4 is one of a high 
temperature CO2 adsorbent at around 600 °C [1, 2]. Membrane separation is one of an effective separation 
method [3]. Thin Li4SiO4 membrane must be a solution for a high temperature CO2 permselective 
membrane. In order to use Li4SiO4 as a membrane material, Li4SiO4 should be coated on a porous 
substrate. In this study, preparation of a Li4SiO4 membrane has been investigated by using a novel solid 
conversion method. A solid conversion method is a unique method to obtain a Li4SiO4 film on porous 
substrate at high temperature from solid materials. Fig.1 shows a schematic diagram for the solid 
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conversion method. Usually, porous alumina is employed for a membrane substrate. One of the problems
to obtain thin Li4SiO4 membrane was reaction of Li and alumina. In order to decrease the conversion
temperature, porous silica sources were employed. Solid state conversion must be occurred under Li 
diffusion through the silica sources. Thus, reducing the diffusion distance of Li should be one of the key 
factors to reduce the conversion temperature described at the bottom of Fig. 1. The diffusion path through 
the silica source can decrease by using porous silica source such as zeolites or mesoporous silica. 
Silicalite (MFI zeolite) is one of the pure silica zeolites having 0.55 nm of the pore size. There are many
kinds of mesoporous silica synthesized using surfactants. Pore size of the mesoporous silica can be
controlled up to 10 nm. In this report, effects of silica sources were investigated to enhance the reaction
rate of Si and Li on a porous alumina substrate. First, zeolite was employed for a silica source. A dense 
zeolite membrane was prepared on a porous alumina substrate. This zeolite layer was converted into a
Li4SiO4 layer at around 600 °C by adding a Li solution. Next, effects of mesoporous silica were
investigated.
Fig. 1 Schematic diagram for a solid state conversion to obtain Li4SiO4 membranes
2. Experimental
2.1 MFI membrane preparation
MFI zeolite layer was prepared on a porous alumina substrate (NOK Co., pore size 0.15 m).
Colloidal silica (Nissan Chem. Ind.), NaOH, NaNO3 9H2O, TPABr (Wako Pure Chem. Ind.) and pure
water were mixed at the molar ratio of SiO2: Al2O3: Na2O: TPABr (Tetrapropylammoniumbromid) =1
0.02 0.38 0.122. MFI crystals were added as seed crystals for Seed/SiO2 = 0.1 (wt/ wt). After aging
for 4 h, this gel was coated on a porous alumina substrate. The coated substrate was placed in a 50 ml
autoclave with 1 - 5 ml of water at 180 °C for 72 h. This procedure is called as a dry gel conversion 
(DGC) method. The detailed preparation method was described elsewhere [4,5]. The obtained membranes
were calcined at 500 °C for 2 h in order to remove organic compounds in the MFI pores. XRD
measurements were carried out to confirm zeolite structures. Single gas N2 permeation tests were 
conducted at room temperature.
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2.2 Li4SiO4 conversion from MFI membranes
This MFI zeolite layer was dipped into a Li slurry (Li:Si=4.1: 1) prepared by using fumed silica as a 
silica source. Next, carbonate slurry (Li2CO3: K2CO3 =1.0: 0.4) was coated on the Li slurry treated 
membrane. The membrane was calcined at 600 °C for 2 h. The obtained membrane was characterized by
using XRD, SEM and single gas permeation tests.
Li4SiO4 preparation from mesoporous silica
Li4SiO4 crystals were prepared from porous silica source powders. Silicalite zeolite (Silton MT-100,
Mizusawa Ind. Chem.) and 3 types of mesoporous silica (TMPS-1.5, TMPS-4.0, TMPS-12, Taiyo
Kagaku Co.) were tested. The average pore sizes of TMPS-1.5, TMPS-4.0 and TMPS-12 were 1.8 nm,
4.2 nm and 12.8 nm, respectively. The Li4SiO4 membranes were prepared by using 2 different methods.
One is the direct conversion from Li to Li4SiO4. The other is a carbonates (Li2CO3 and K2CO3 mixtures) 
treatment. Li2CO3 and K2CO3 mixtures were coated on the Li4SiO4 membrane, and treated at 600 °C. The 
carbonates are melted over 400 °C to fill the pinholes of the as-made Li4SiO4 membrane. 
Thermogravimetoric (TG) measurements were carried out by using TGA-50 (Shimadzu Co.) at the
temperature increasing rate of 5 °C min-1.
3. Results and discussions
3.1 Preparation of zeolite thin films 
First, effects of silica sources were investigated for a solid conversion method by using a powder 
samples. Fig. 2 shows the XRD patterns for the obtained powders from the different silica sources and the
different conversion temperature. Li oxides mixtures such as Li2Si2O5 or Li2SiO3 were obtained from 
colloidal silica and fumed silica treated at 900°C. While pure Li4SiO4 was obtained from MFI zeolite.
Amounts of CO2 adsorption for Li2Si2O5 or Li2SiO3 are less than that for Li4SiO4. Moreover, the 
calcination temperature decreased to 600 °C by using MFI zeolite as a silica source. This can be
explained that the diffusion length of Li ion is shorter for MFI zeolite than that for colloidal silica or 
fumed silica as shown in Fig. 1. Thus, porous silica source such as MFI zeolite is better than bulk silica
sources such as colloidal silica and fumed silica.
Fig. 2 XDR measurements by changing silica sources and treatment temperature
Next, a MFI membrane was prepared on a porous substrate. Amounts of water in an autoclave are
important for a DGC method. The membrane thicknesses were about 3 m by the SEM observation for 
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the cross-sectional views of the membranes. Fig. 3 shows the N2 permeance through the MFI membranes 
prepared by changing the amounts of water. The lower N2 permeance shows a dense MFI membrane. The 
higher N2 permeance indicates that there are pinholes at the MFI layer. 2 ml of water in a 50 ml autoclave 
was the optimum to obtain a dense MFI membrane. During the DGC method, water vapor is provided 
from the bottom of the autoclave to the parent gel on 
the porous substrate. 1 ml of water is enough to saturate 
the water vapor in a 50 ml autoclave. Thus, vapor 
pressure in the autoclaves by changing water amounts 
should be constant. However, a little amount of water 
was condensed at the surface of the parent gel coated on 
a porous substrate during the crystallization procedure. 
The amount of condensation must be different by 
changing the amounts of the water at the bottom of the 
autoclaves. 1 ml of water was not enough for the 
crystallization of MFI membrane, while 5 ml of water 
was too much for the crystallization. After this section, 
all the MFI membranes were prepared by using 2 ml of 
water in the autoclave. 
3.2 Solid conversion from zeolite thin films 
The conversion ratios of Li4SiO4 membranes from MFI membranes were estimated from the XRD 
measurements. The typical Li4SiO4 diffraction (2 /  = 22.0°) and the typical MFI diffraction (2 /  = 
7.9°) were used as a comparison. Fig. 4 shows the conversion ratio of Li4SiO4 from the MFI membranes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 The conversion ratio by changing Li additions measured by using XRD 
 
The peak for Li4SiO4 increased with increasing Li concentration in the Li slurries. In order to obtain pure 
Li4SiO4 from the MFI zeolite membrane, LiOH content in MFI zeolite pores was not enough at  1.0 mol 
L-1 of LiOH because of the high MFI diffraction ratio. Next, Li2CO3 was tested as a Li source. Result for 
the 0.5 mol L-1 of Li2CO3 was shown at the center of Fig. 4. The L14SiO4 diffraction was higher than that 
for the 1.0 mol L-1 of LiOH showing that Li2CO3 was the better Li source. The combination of Li2CO3 
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and LiOH was also investigated.  The L14SiO4 diffraction was higher than that of the 0.5 mol L-1 of 
Li2CO3, and the MFI diffraction was small. However, the MFI diffraction was still remained. Thus, Li 
should be added after the dipping of the Li slurry (shown as Li4SiO4 in Fig. 4). The MFI diffraction was
the minimum for the Li4SiO4 addition. MFI zeolite is the better silica source to obtain Li4SiO4 at the low 
treatment temperature at 600 °C. Fig. 5 shows the SEM images sectional views of the MFI
zeolite membrane with LiOH solution and with Li slurry.
Fig. 5 SEM images for the cross-
(a) zeolite membrane with LiOH solution and (b) z ane with Li slurry
The thickness of the MFI layer was about 3 m. There are polycrystalline structures found from the MFI
membrane with LiOH. Thin layer about 2 m was found on the MFI polycrystalline layer for the SEM
image of the membrane with Li slurry. This layer must be the aggregation of Li slurry. AS shown in Fig.
5, the zeolite membrane with Li slurry can be converted to the Li4SiO4 layer. The volume of the Li slurry 
layer was almost the same order to that of the MFI membrane. The results in this section show that total
pore volume of the MFI crystals was smaller to convert all the MFI crystals to Li4SiO4. Mesoporous silica
has larger pore volume than that of MFI zeolite. The effects of mesoporous silica will be discussed in the
following section.
Permeation properties through the Li4SiO4 membrane
prepared from the MFI zeolite were discussed. CO2
permeance through the Li4SiO4 membrane decreased
during the permeation test at 580 °C for 90 min. This can 
be explained by the expansion of the membrane due to
the reaction of Li4SiO4 and CO2 at 580 °C. In order to
confirm the expansion, N2 permeance was measured after
the CO2 permeation tests. Fig. 6 shows H2, CO2 and N2
permeances through a Li4SiO4 membrane before and 
after the CO2 permeation test at 580 °C for 90 min. N2
permeance through the Li4SiO4 membrane before the 
CO2 permeation test was 8.9 x 10-10 mol m-2 s-1 Pa-1. This
permeance decreased with 57% from the as-made MFI
zeolite membrane due to the filling by Li slurry. N2
permeances decreased by 96% because of carbonate
dissolved at 580 °C. CO2 permeances decreased by 80%
after 90 min of CO2 permeation tests at 580 °C. H2 and N2
permeances decreased by 56% and 61% after the CO2
 of the cross-
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permeation tests, respectively. The expansion of Li4SiO4 membrane was indicated by the comparison 
before and after the CO2 permeation test. These phenomena were discussed by using the powder 
thermogravimetric (TG) measurement. Fig. 7 shows 
the TG data for the Li4SiO4 powders in CO2 
atmosphere by changing temperature. TG temperatures 
kept for 1 h at 600 °C, 700 °C and 800 °C for the 
evaluation of the reaction rates between CO2 and 
Li4SiO4. CO2 adsorption amounts rapidly increased 
with increasing temperature below 600 °C. CO2 
decomposition reaction rate increased at about 800 °C. 
The CO2 separation concept through the Li4SiO4 
membrane is the fixed carrier mechanism due to the 
reaction and decomposition between Li4SiO4 and CO2. 
Thus, CO2 permselective properties might be observed 
between 600 °C and 800 °C. 
 3.3 Characterization of mesoporous silica 
The solid state conversion method from 
mesoporous silica was investigated by using the 
conversion using powders of mesoporous silica. 
Pore sizes of the mesoporous silica (TMPS) were 
1.8 nm, 4.2 nm and 12.8 nm for TMPS-1.5, TMPS-
4 and TMPS-12, respectively. The conversion rate 
was evaluated by the intensities of XRD diffraction 
peaks of Li2SiO3 (2 / =34.0°) and Li4SiO4 
(2 / =38.3°). Fig. 8 shows the conversion ratios of 
Li2SiO3 and Li4SiO4 by changing the pore sizes of 
the mesoporous silica treated at 500 °C or 600 °C. 
Conversion ratio was 0.66 from TMPS-1.5 at the 
500 °C treatment for 96 h. Conversion ratios 
increased with increasing pore sizes of the 
mesoporous silica indicating that the larger pore 
size of the mesoporous silica was easy to convert 
from Li2SiO3 to Li4SiO4. On the other hand, the 600 °C treatment for 8 h was tested for the conversion 
ratio of the MFI zeolite and the 3 types of mesoporous silica. The pore size of the MFI zeolite is 0.55 nm. 
The conversion rate from the MFI zeolite was 0.89 that was smaller than those from TPMS-1.5 (0.94) and 
TMPS-4.0 (0.97). Mesoporous silica is consisted with amorphous silica, while an MFI zeolite is crystal 
structure of silica. Thus, the conversion rate from the mesoporous silica was higher than that from 
silicalite zeolite. While, the conversion rate from TMPS-12 was 0.83 that was the lowest among the silica 
sources. This conversion cannot explain by the pore size of the mesoporous silica. Thus, particle sizes for 
the mesoporous silica were measured by using the SEM images of the mesoporous silica. Fig. 9 shows 
the particle size distribution for TMPS-1.5, TMPS-4.0 and TMPS-12. The average particle sizes were 
Fig.7 TG measurement under CO2 atmosphere 
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1.0 -1.5, TMPS-4.0 and TMPS-12, respectively. The particle size 
increased with increasing pore sizes of the mesoporous silica. The conversion ratio at 600 °C treatment 
for 8 h can be explained by the particle size differences. Li slurry was not immersed into the TMPS-12 
pores for the high temperature calcination due to 
short calcination period for the lager particle size 
over 1 m. So, the conversion rates for TMPS-12 
were measured by changing the period of the 
supersonic pre-treatment. The supersonic pre-
treatment was that the Li slurry with mesoporous 
silica was treated in the supersonic bath at room 
temperature. Fig. 10 shows the conversion ratio of 
Li2SiO3 and Li4SiO4 by changing the period for 
the supersonic treatment during the Li slurry 
dipping. The conversion rates on porous alumina 
samples increased from 0.47 to 0.77 by the 2 h of 
supersonic pretreatment. This indicates that the Li 
slurry immersed into pores of the mesoporous 
silica during the supersonic treatment. The 
supersonic pretreatment was effective to enhance the 
conversion rate from TMPS-12. Finally, CO2 
permeation tests were conducted through the Li4SiO4 
membrane prepared from the mesoporous silica. The 
Li4SiO4 membrane prepared from TMPS-4 was not 
dense after the 600 °C conversion. In order to fill the 
pinholes through the membrane, effect of carbonate 
addition was investigated. Li2CO3 and K2CO3 mixture 
was employed for the carbonate. The N2 permeation 
after the carbonates addition was over 3 x 10-7 mol m-2 
s-1 Pa-1 that was not different that through the as-made 
membrane below the 400 °C permeation tests. N2 
permeance rapidly decreased at 500 °C permeation test 
to 1.8 x 10-9 mol m-2 s-1 Pa-1. N2 permeance decreased 
less than 1 % from that of the 400 °C permeation tests 
showing that the carbonates (Li2CO3 and K2CO3) melts 
to fill the pinholes of the Li4SiO4 membrane. N2 
permeance increased to 4.1 x 10-8 mol m-2 s-1 Pa-1at the 
600 °C permeation test. This indicates that the 
carbonates ware slightly decomposed at 600°C. The 
mixture permeation test was investigated at 600°C that the pinholes were filled by the carbonates. Fig. 11 
shows the permeation tests from CO2/N2 mixtures at 600 °C by changing the feed CO2 compositions. In 
this case, it is important to check the stability of the permeation tests because CO2 can be produced from 
the decomposition of carbonates at high temperature measurements. Permeance ratios of CO2/N2 were 
almost constant during the permeation tests showing that the CO2 permeation was not affected by the 
decomposition of carbonates. Thus, these results show the real permselectivity without the effects of the 
carbonates decomposition. The maximum CO2/N2 permeance ratio was 0.85 from 90 % of CO2 
concentration in N2. The Knudsen permeance ratio for CO2/N2 is 0.80. If there was no selectivity at the 
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Li4SiO4 layer, the CO2/N2 permeance ratio should be 0.80. Thus, it was obvious that the Li4SiO4 
membrane showed the CO2 permselectivity at 600°C. The CO2 selectivity can be improved by filling the 
pinholes.  
4. Conclusions 
Li4SiO4 thin membrane was successfully 
prepared from an MFI zeolite membrane by 
using a solid conversion method. MFI zeolite 
layer was one of the good materials for silica 
source of Li4SiO4 due to low conversion 
temperature. This can be explained by the 
porous structure of MFI zeolite. N2 
permeances through the Li4SiO4 membrane 
decreased by 61% after the CO2 permeation 
test showing that the adsorbed CO2 blocked 
the N2 permeation. Mesoporous silica was a 
better material compared from an MFI zeolite. 
Mesoporous silica was better silica source 
compared from the MFI zeolites at 500 °C conversion for 96h. Li4SiO4 membrane was successfully 
prepared by using TMPS-4 (mesoporous silica having 4.2 nm pores). Pinholes of the Li4SiO4 membrane 
was filled by the carbonates (Li2CO3 and K2CO3), and CO2/N2 permeance ratio was 0.85 at the 600 °C 
permeation tests. This value was higher than that for the Knudsen diffusion difference showing that the 
Li4SiO4 layer was selective. CO2 can be removed at high temperature such as 600 °C using the Li4SiO4 
membrane. 
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